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The Next-to-Minimal Supersymmetric Standard Model (NMSSM) is a well-motivated construction that addresses the $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu $$\end{document}$ problem of the MSSM through the inclusion of an extra singlet field, *S*, which mixes with the Higgs *SU*(2) doublets and whose vacuum expectation value after electroweak symmetry breaking (EWSB) generates an effective EW scale $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu $$\end{document}$ parameter \[[@CR1]\] (see, e.g., Ref. \[[@CR2]\] for a review). Among its many virtues, the NMSSM possesses a very interesting phenomenology, mainly due to its enlarged Higgs sector. For example, the mixing of the Higgs doublet with the new singlet field opens the door to very light scalar and pseudoscalar Higgs bosons with interesting prospects for collider searches. Moreover, in the NMSSM the mass of the Higgs boson also receives new tree-level contributions from the new terms in the superpotential \[[@CR3], [@CR4]\], which can make it easier to reproduce the observed value \[[@CR5]--[@CR11]\]. In addition, the amount in fine-tuning of the model \[[@CR12]--[@CR14]\] is reduced, when compared to the MSSM.

Supersymmetric (SUSY) models are characterized by the soft supersymmetry-breaking terms. The MSSM can be defined in terms of scalar masses, $\documentclass[12pt]{minimal}
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                \begin{document}$$A_{ij}$$\end{document}$. The NMSSM also contains a new set of couplings: a singlet trilinear superpotential coupling, $\documentclass[12pt]{minimal}
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                \begin{document}$$\kappa $$\end{document}$, and the strength of mixing between the singlet and Higgs doublets, $\documentclass[12pt]{minimal}
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                \begin{document}$$\lambda $$\end{document}$. In addition, there are the corresponding supersymmetry-breaking trilinear potential terms $\documentclass[12pt]{minimal}
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                \begin{document}$${A_\kappa }$$\end{document}$. If SUSY models are understood as originating from supergravity theories (which in term can correspond to the low-energy limit of superstring models), the soft parameters can be defined at some high scale as a function of the moduli of the supergravity theory. In this case, the renormalization group equations (RGEs) are used to obtain the low-energy quantities and ultimately the mass spectrum \[[@CR15]--[@CR17]\].

Although in principle the number of parameters is very large ($\documentclass[12pt]{minimal}
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                \begin{document}$$\gtrsim 100$$\end{document}$), certain simplifying conditions can be imposed, which rely on the nature of the underlying supergravity (or superstring) model. A popular choice is to consider that the soft parameters are *universal* at the Grand Unification (GUT) scale, i.e., $\documentclass[12pt]{minimal}
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                \begin{document}$$A_{ij}=A_0$$\end{document}$ \[[@CR18]--[@CR27]\]. When applied to the MSSM, the resulting Constrained MSSM (CMSSM) has only four free parameters (including the ratio of the Higgs expectation values, $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu $$\end{document}$ parameter. The phenomenology of the CMSSM has been thoroughly investigated in the past decades. Current Large Hadron Collider (LHC) constraints set stringent lower bounds on the common scalar and gaugino masses, while viable neutralino DM further restricts the available regions of the parameter space (for an update of all these constraints, see Refs. \[[@CR28], [@CR29]\]).

The universality condition is much more difficult to impose in the context of the NMSSM. The resulting constrained NMSSM (CNMSSM) also contains four free parameters which we choose as:[1](#Fn1){ref-type="fn"} $\documentclass[12pt]{minimal}
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                \begin{document}$$A_0={A_\lambda }={A_\kappa }$$\end{document}$, and its phenomenology has been discussed in detail in Ref. \[[@CR30]\]. It was pointed out there that recovering universal conditions for the singlet mass at the GUT scale with the correct EW vacuum at low energy often requires a small universal scalar mass, satisfying $\documentclass[12pt]{minimal}
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                \begin{document}$$3 m_0 \sim - A_0 \ll m_{1/2}$$\end{document}$. In order for the singlet Higgs field to develop a vacuum expectation value (VEV) to fix the EW vacuum, we must require that $\documentclass[12pt]{minimal}
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                \begin{document}$$m_0$$\end{document}$, the predicted mass range of the SM-like Higgs boson is hard to reconcile with the observed value of $\documentclass[12pt]{minimal}
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                \begin{document}$$m_0$$\end{document}$) is also problematic as in this case, the stau tends to be tachyonic. In fact, this is one of the main obstacles for obtaining the observed value for the Higgs boson mass. Furthermore, in the CNMSSM, the lightest SUSY particle (LSP) is generally either the lighter stau or the singlino-like neutralino \[[@CR31], [@CR32]\]. The stau, being a charged particle, cannot be dark matter and the appropriate thermal relic abundance of the singlino-like neutralino can only be realized only for limited stau-neutralino co-annihilation regions.

In this paper, we show that these problems can be alleviated if the NMSSM is extended to include RH neutrino superfields, which couple to the singlet Higgs through a new term in the superpotential. In this construction \[[@CR33], [@CR34]\], the lightest RH sneutrino state can also be a viable dark matter (DM) candidate over a wide range of masses \[[@CR35], [@CR36]\]. First, the extra contributions to the RGEs help achieve unification of the soft masses for smaller values of the scalar and gaugino masses. This also allows more flexibility in the choice of the trilinear parameters. Due to the RGE running of the soft mass of singlet Higgs field through its couplings with RH neutrinos, the realization of the EW vacuum becomes somewhat easier than in the NMSSM without RH neutrinos.

We find that the lightest RH sneutrino can be the LSP in wide areas of the parameter space, where the smallest coupling between RH neutrinos and the singlet Higgs field needs to be as small as $\documentclass[12pt]{minimal}
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                \begin{document}$${\lambda _N}\sim 10^{-4}$$\end{document}$. As a result, the stau LSP region is significantly reduced and scalar masses as large as $\documentclass[12pt]{minimal}
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                \begin{document}$$m_0 \sim 10^3$$\end{document}$ GeV are possible, making it easier to obtain a SM-like Higgs boson with the right mass. Likewise, for the neutralino LSP case with moderate values of $\documentclass[12pt]{minimal}
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                \begin{document}$${\lambda _N}\sim 10^{-2}$$\end{document}$, the modification of the RGE of the singlet Higgs is effective and expands (reduces) the neutralino (stau) LSP region. As the result, in this case as well, the observed SM-like Higgs boson mass can be obtained. In both cases the small couplings to SM particles of either the RH sneutrino LSP or the neutralino LSP result in a thermal relic abundance which is in excess of the observed DM density and some kind of late-time dilution is needed.

The structure of this article is the following. In Sect. [2](#Sec2){ref-type="sec"}, we review the main features of the NMSSM with RH sneutrinos, we study the RGEs of the Higgs parameters, comparing them to those of the usual NMSSM, and we describe our numerical procedure. In Sect. [3](#Sec5){ref-type="sec"}, we carry out an exploration of the parameter space of the theory, including current experimental constraints, and study the viable regions with either a neutralino or RH sneutrino LSP. We also compare our results with the ordinary NMSSM. Finally, our conclusions are presented in Sect. [4](#Sec6){ref-type="sec"}. Relevant minimization equations and beta functions are given in the appendix.

RGEs and universality condition {#Sec2}
===============================

The NMSSM is an extension of the MSSM and includes new superpotential terms$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} W_{\mathrm{NMSSM}}= & {} (y_u)_{ij} Q_i \cdot H_2 U_j +(y_d)_{ij} Q_i \cdot H_1 D_j\nonumber \\&+\, (y_e)_{ij} L_i \cdot H_1 E_j+ \lambda S H_1 \cdot H_2 + \frac{1}{3}\kappa S^3 , \nonumber \\ \end{aligned}$$\end{document}$$where the dot is the antisymmetric product and flavour indices, $\documentclass[12pt]{minimal}
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                \begin{document}$$i,j=1,\,2,\,3$$\end{document}$, are explicitly included. The model discussed here consists of the full NMSSM, and is extended by adding RH neutrino/sneutrino chiral superfields. This model was introduced in Refs. \[[@CR35], [@CR37]\] (based on the construction in \[[@CR33], [@CR34]\]), where it was shown that the lightest RH sneutrino state is a viable candidate for DM. In previous work, only one RH neutrino superfield was considered, but here we extend the construction to include three families, $\documentclass[12pt]{minimal}
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                \begin{document}$$W_{\mathrm{NMSSM}}$$\end{document}$, has to be extended in order to accommodate these new states,$$\documentclass[12pt]{minimal}
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                \begin{document}$$y_N$$\end{document}$, couple the RH neutrino superfields to the second doublet Higgs, $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathcal {L}_{NMSSM}$$\end{document}$ includes the scalar mass terms and trilinear terms of the NMSSM and $\documentclass[12pt]{minimal}
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                \begin{document}$$3\times 3$$\end{document}$ matrix of squared soft masses for the RH sneutrino fields, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${m^2_{\tilde{N}}}$$\end{document}$. In our analysis, we will consider that all these matrices are diagonal at the GUT scale. As pointed out in Ref. \[[@CR35]\], the neutrino Yukawa parameters are small, $\documentclass[12pt]{minimal}
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                \begin{document}$$(y_N)_{ij}\lesssim 10^{-6}$$\end{document}$, since the neutrino Majorana masses generated after EWSB are naturally of the order of the EW scale. Thus, they play no relevant role in the RGEs of the model and can be safely neglected. The new parameters ($\documentclass[12pt]{minimal}
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                \begin{document}$$U(1)_Y$$\end{document}$ coincide.Fig. 1Two-loop RGE running of the soft Higgs mass parameters, $\documentclass[12pt]{minimal}
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Radiative EW symmetry breaking and the singlet soft mass {#Sec3}
--------------------------------------------------------

Using the values of the soft terms, defined at the GUT scale, the RGEs can be numerically integrated down to the EW scale. After EWSB, the minimization conditions of the scalar potential leave three tadpole equations for the VEVs of the three Higgs fields. At tree level, these are$$\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} \frac{\partial V}{\partial \phi _u}= & {} \frac{v_sv_d \lambda }{2} (- \sqrt{2}A_\lambda - \kappa v_s)+\frac{(g_1^2+g_2^2)}{8}v_u(v_u^2-v_d^2)\nonumber \\&+ \,m_{H_u}^2v_u + \frac{\lambda ^2}{2}(v_s^2+v_d^2)v_u, \end{aligned}$$\end{document}$$ $$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} \frac{\partial V}{\partial \phi _s}= & {} \frac{v_s}{2}(\sqrt{2}A_\kappa \kappa v_s + 2m_S^2 + \lambda ^2(v_d^2+v_u^2)\nonumber \\&-\,2\kappa \lambda v_u v_d+2\kappa ^2v_s^2)-\frac{A_\lambda \lambda }{\sqrt{2}} v_uv_d. \end{aligned}$$\end{document}$$As noted earlier, using the measured value of the mass of the *Z* boson, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M_Z$$\end{document}$, and its relation to the Higgs doublet VEVs, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$v_u$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$v_d$$\end{document}$, the conditions for correct EWSB allow us to determine the combination $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tan \beta \equiv v_u/v_d$$\end{document}$, and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$v_s$$\end{document}$, as well as one additional parameter which we take as $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\kappa $$\end{document}$. Thus, the constrained version of the NMSSM can be defined in terms of four universal input parameters,$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} m_0,\ m_{1/2},\ \lambda ,\ A_0={A_\lambda }={A_\kappa }\,. \end{aligned}$$\end{document}$$In practice, however, solving the system of tadpole equations is in general easier if one fixes the value of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tan \beta $$\end{document}$ and uses the tadpole conditions to determine the soft mass of the singlet Higgs, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_S^2$$\end{document}$. Although this generally results in a non-universal mass for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_S$$\end{document}$, it is then possible to iteratively find the value of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tan \beta $$\end{document}$ such that $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_S = m_0$$\end{document}$.

More specifically, using the above tree-level expressions (for illustrative purposes), a combination of Eqs. ([2.5](#Equ5){ref-type=""}) and ([2.6](#Equ6){ref-type=""}) leads to$$\documentclass[12pt]{minimal}
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This prescription has been applied in the literature to study the phenomenology of the CNMSSM. A first thing to point out is that the resulting value of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_S^2$$\end{document}$ at the EW scale from Eq. ([2.13](#Equ13){ref-type=""}) is often negative \[[@CR39]\], and this makes it difficult to satisfy the universality condition. In particular, it was found in \[[@CR30]\] that the resulting value of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tan \beta $$\end{document}$ in the CNMSSM is in general large and that, in general, the value of the universal gaugino mass is also large. As a result, the lightest stau is the LSP in the remaining viable areas of the parameter space (which poses a problem to incorporate DM in this scenario). In order to alleviate this, a semi-constrained version of the NMSSM was explored in Ref. \[[@CR39]\], allowing for $\documentclass[12pt]{minimal}
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In our extended model, the solution of the tadpole equations proceeds in the same way as in the CNMSSM. However, as we will argue in Sect. [3](#Sec5){ref-type="sec"}, the RH sneutrino contributes to the RGEs of the singlet and singlino and opens up the parameter space allowing us to restore full universality. However, our extended model potentially induces spontaneous R-parity breaking minimum by the condensation of RH sneutrinos, which was originally discussed in Ref. \[[@CR33]\]. Since the left--right mixings of sneutrinos are proportional to $\documentclass[12pt]{minimal}
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In particular, the new terms in the superpotential and the soft breaking parameters enter the one-loop beta function for the scalar mass of the singlet Higgs, $\documentclass[12pt]{minimal}
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                \begin{document}$$g_i= y_i,\ \lambda ,\ \kappa ,\ \lambda _N$$\end{document}$. The first line corresponds to the usual NMSSM result, and the second line contains the new contribution from the coupling of the singlet to the right-handed neutrino. For completeness, the two-loop expression is given in Eq. ([B.1](#Equ29){ref-type=""}).

We show in Fig. [1](#Fig1){ref-type="fig"} the running of the Higgs mass-squared parameters as a function of the renormalization scale. We have chosen an example where the soft terms unify at the GUT scale in the standard NMSSM (left) and in the extended NMSSM with RH neutrinos (right). As the RGE running in the two models differs, we require slightly different values of $\documentclass[12pt]{minimal}
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                \begin{document}$$m_S = m_0$$\end{document}$. Enforcing the unification of the scalar singlet mass tends to be problematic for radiative EWSB in models without the right-handed neutrino, as $\documentclass[12pt]{minimal}
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                \begin{document}$$m_S^2$$\end{document}$ parameter is remarkable. In this example, it can drive the positive singlet mass-squared term negative. This alleviates some tension in the choice of initial parameters.

Details on the numerical code {#Sec4}
-----------------------------

We have modified the supersymmetric spectrum calculator SSARD \[[@CR40]\] by adding the necessary RGEs to include additional terms needed in our extension of the NMSSM. The code numerically integrates the RGEs between the weak and GUT scales and solves the tadpole equations used to determine $\documentclass[12pt]{minimal}
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                \begin{document}$$m^2_S$$\end{document}$ as outlined above. The output of this program is then passed through the public packages NMSSMTools 4.9.2 \[[@CR39], [@CR41], [@CR42]\] and Micromegas 4.3 \[[@CR43]\] in order to get the physical particle spectrum and the thermal component to the DM relic abundance.

SSARD implements an iterative procedure to solve the RGEs as follows. Using weak scale inputs for the gauge and Yukawa couplings, the GUT scale is defined as the renormalization scale where the $\documentclass[12pt]{minimal}
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                \begin{document}$$\lambda _N$$\end{document}$ are also input at the GUT scale. We then run the RGEs from the GUT to the SUSY scale, where we solve the tadpole equations (now including the tadpole condition for *S*) with the resulting values of the parameters. The coupling $\documentclass[12pt]{minimal}
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                \begin{document}$$\lambda $$\end{document}$ is input at the weak scale. Using these low-scale values, we then run the RGEs upwards, recalculating the GUT scale, and we iterate this procedure until a good stable solution is found. As a final step, this procedure is repeated for different values of $\documentclass[12pt]{minimal}
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Once the tadpole equations are solved for the points that fulfill the universality conditions, we collect all the parameters at EW scale and compute the SUSY spectrum using the public package NMSSMTools 4.9.2 \[[@CR39], [@CR41], [@CR42]\]. The code checks the scalar potential, looking for tachyonic states, the correct EW vacuum, divergences of the coupling at some scale between the SUSY and GUT scales, as well as collider constraints from LEP and LHC, and low-energy observables. In particular, R-parity breaking vacua may appear in this model for large values of the trilinear couplings, as they can trigger non/vanishing vevs for the sneutrino, as mentioned below Eq. ([2.14](#Equ14){ref-type=""}). If a point is allowed, the program computes the SUSY spectrum for the given set of parameter values as well as the SM-like Higgs mass with full one-loop contributions and the two-loop corrections from the top and bottom Yukawa couplings.

In order to test our procedure, we have also implemented our model in SARAH \[[@CR44]--[@CR48]\], which produces the model files for SPheno \[[@CR49], [@CR50]\] to perform the running from the GUT to the EW scale. We notice that even a "small" variation (within 10%) of the parameters given as input to the numerical codes (such as $\documentclass[12pt]{minimal}
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Results {#Sec5}
=======

In this section, we provide some numerical examples that illustrate the effect of adding RH sneutrinos in the four-dimensional NMSSM parameter space with universal conditions. Rather than performing a full numerical scan on all the parameters, we have selected some representative ($\documentclass[12pt]{minimal}
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We have investigated three different scenarios. First, for comparison, we consider the Constrained NMSSM case, and then we study two scenarios of the extended model with RH sneutrinos. In particular, we consider one scenario with $\documentclass[12pt]{minimal}
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*CNMSSM:* Let us first focus on the pure CNMSSM case without RH neutrino fields. In Fig. [2](#Fig2){ref-type="fig"}, we show the results of a numerical scan in the plane ($\documentclass[12pt]{minimal}
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Since the purpose of this paper is not to explain anomalies such as those observed in the measurement of the muon anomalous magnetic moment, $\documentclass[12pt]{minimal}
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The brown shaded area corresponds to the solutions where the universal conditions are fulfilled but the stau is the LSP, whereas in the remaining white area, the neutralino is the LSP. The black contours represent the values of $\documentclass[12pt]{minimal}
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*Mass spectrum for some benchmark points* In Table [1](#Tab1){ref-type="table"} we show typical mass spectra for a selected number of benchmark points in our model. The points are taken from: the pure CNMSSM, the small $\documentclass[12pt]{minimal}
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*Dark matter* As we demonstrated in the previous examples, the inclusion of RH neutrinos expands the parameter region of the neutral LSP compared with the CNMSSM case, however, the difficulty of achieving the thermal relic abundance of DM is not improved. The reason is the same as in the pure CNMSSM mentioned above. The nature of the neutralino LSP within the large $\documentclass[12pt]{minimal}
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In the results of the analysis performed in this model and shown in Figs. [2](#Fig2){ref-type="fig"}, [3](#Fig3){ref-type="fig"} and [4](#Fig4){ref-type="fig"} we have fixed the trilinear term $\documentclass[12pt]{minimal}
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Conclusions {#Sec6}
===========

In this paper we have studied an extended version of the NMSSM in which RH neutrino superfields are included through a coupling with the singlet Higgs. We have observed that the contributions of the new terms to the RGEs make it possible to impose universality conditions on the soft parameters, thus considerably opening up the parameter space of the constrained NMSSM.

We have computed the two-loop RGEs of this model and solved them numerically, using the spectrum calculator SSARD. The RH sneutrino coupling to the singlet Higgs leads to a contribution to the RGE of the singlet Higgs mass-squared parameter that helps driving it negative, thus making it easier to satisfy the conditions for EWSB, while imposing universality conditions at the GUT scale. This significantly alleviates the tension in the choice of initial parameters and opens up the parameter space considerably. Moreover, the RH sneutrino contribution also leads to slightly larger values of the resulting SM Higgs mass, which further eases finding viable regions of the parameter space.

We have studied two possible benchmark scenarios in which the LSP is neutral: either the lightest RH sneutrino or the lightest neutralino. In these examples, we have implemented all the recent experimental constraints on the masses of SUSY particles and on low-energy observables. Finally, we have also computed the resulting thermal dark matter relic density, but we have not imposed any constraint on this quantity.

The RH sneutrino can be the LSP, but only when its coupling to the singlet Higgs is very small ($\documentclass[12pt]{minimal}
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                \begin{document}$${\lambda _N}\sim 10^{-2}$$\end{document}$, the lightest neutralino can be the LSP. The remaining areas feature in general smaller values of the soft scalar mass than in the NMSSM, however, the neutralino relic abundance is also too large requiring some form of late-time dilution.

One-loop corrected minimization equations {#Sec7}
=========================================

In our calculation, we have imposed the minimization condition to the effective potential $\documentclass[12pt]{minimal}
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